. The goal of this study was to utilize gas-phase hydrogen/deuterium (H/D) exchange reactions and Fourier transform ion cyclotron resonance (FT-ICR) mass spectral methods (e.g., multistage ion isolation and ion dissociation) to investigate the existence of different gas-phase fragment ion conformers/isomers.
One of the most important advantages of the modern biological mass spectral techniques is that mass spectrometry can be used for rapid sequencing of biopolymers, such as peptides and proteins, in the gas phase. There are various ion fragmentation techniques that can be used to acquire protein and peptide sequences. A common FT-ICR ion fragmentation technique is sustained off-resonance irradiation collision-activated dissociation (SORI-CAD) [13] (commonly known as collisionally induced dissociation or CID). Recently, other valuable techniques, such as electron capture dissociation (ECD), have been developed to acquire complementary fragment ions for more complete sequencing of biomolecules [14] . Regardless of the dissociation techniques employed, successful sequencing of the biological molecules requires detailed understanding of the fragmentation mechanisms and pathways.
Most commonly observed species in SORI-CAD spectra of protonated peptides and proteins include backbone b and y type fragment ions (b and y fragment ion assignments are according to the Roepstorff nomenclature [15] ). During the CID process, the ionized species that yield sequence specific amide-bond fragment ions may undergo rearrangement processes such as cyclization; hence, potential subsequent cycle openings can result in scrambling of the original sequence information [16, 17] and loss of internal residues [18] . Therefore, full characterization of the mechanistic details of ion fragmentation pathways can reduce the chances of erroneous protein sequence identification in proteomics.
A large variety of experimental and theoretical studies have focused on determining the details of fragmentation processes and different mechanisms and pathways for the formation of b and/or y fragment ions have been proposed. The proposed mechanism by Hunt and coworkers for formation of the five-membered cyclic b fragment ions [19] was first supported by the reported theoretical calculations of Yalcin et al. [20, 21] . The first theoretical evidence for the formation of b ions having a stable oxazolone structure addressed the energetics of ion dissociation processes and the formation of oxazolone ring from an amide nitrogen in protonated species of a dipeptide [22] . Additional experimental and theoretical data support the importance of these fivemembered ring species in unimolecular peptide fragmentation processes [23, 24] .
On the other hand, the involvement of stable aziridinone-containing structures in the gas-phase fragmentation of peptides has also been demonstrated experimentally [25] and theoretically [26] . Wesdemiotis and coworkers' reports provide a comprehensive review on dissociation of the protonated peptide amide bonds that yield N-terminal b n and C-terminal y n sequence ions [27, 28] . The combined quantum chemical and RRKM modeling of the b and y fragmentation mechanisms of protonated model peptides by Paizs and Suhai provides valuable atomic and energetic details for different reaction pathways that may lead to formation of various fragment ions [24, 29, 30] . Multiple reaction mechanisms such as diketopiperazine, oxazolone, amide O, a 1 -y x , aziridinone pathways [29] , and cyclization [18, 31, 32] imply ion fragmentation via multiple pathways. On the other hand, common reaction pathways have also been suggested for different fragment ions. For example, the 'b x -y z ' pathway proposed by Paizs and Suhai assumes common intermediates for the formation of b x and y z ions [24] . A comprehensive review on the energetic and kinetic characterization of major fragmentation pathways provides details on "pathways in competition (PIC)" and "mobile proton" models [33] .
Our preliminary report demonstrated the presence of different fragment ion isomers and/or conformers in the gas-phase MS/MS experiments [34] . Subsequent reports, utilizing ion mobility/mass spectrometry [32, 35] and infrared multiple-photon dissociation (IR-MPD) [36] confirmed our initial observation and the existence of different isobaric peptide ion fragment isomers. Both IR depletion spectrum [36] and cross-section results from ion mobility/mass spectrometry [32, 35] of Leuenkephalin b 4 ϩ fragment combined with theoretical approaches have shown a mixture of at least two structurally different b 4 ϩ and a 4 ϩ fragments in the fragmentation process of singly-charged Leu-enkephalin ions. In a recent study, Chen et al. reported similar bimodal distributions in the H/D exchange reactions for b 4 fragments of Leu-enkephalin, b 5 fragment of (Gly) 5 , and b 4 -b 7 fragments of (Gly) 8 and suggested oxazolone and cyclic structures for b-type fragments [31] .
In this paper, we present our experimental evidence that points to the formation of structurally different isobaric b fragment ions in the gas phase and under low-energy SORI-CAD conditions. Specifically, the H/D exchange results for the [M ϩ H] ϩ , b 5 ϩ , and b 4 ϩ fragment ions of WHWLQL are discussed. FT-ICR MS provides an opportunity to trap and study the peptide ions for extended periods and it is well suited to monitor gas-phase H/D exchange reactions for periods ranging from millisecond to several minutes [12] . The H/D exchange trends and kinetics reveal the presence of two different sets of b fragment ion isomers and/or conformers in the gas phase. In contrast to [M ϩ H] ϩ ions, both b 5 ϩ and b 4 ϩ fragment ions of WHWLQL react with ND 3 reagent gas to yield bimodal product ion distributions. Methods to confirm the existence of different gas-phase isobaric fragment ions (i.e., fragment ions with identical elemental compositions) are presented. Relevance of the current experimental findings to mass spectral peptide and protein sequencing is discussed.
Experimental

Sample Preparation
The linear hexapeptide WHWLQL (Sigma, St. Louis, MO, USA), deuterium reagent ND 3 (Aldrich, Milwaukee, WI, USA) and all other solvents were purchased from commercial sources and used without further purification. A stock solution of WHWLQL was prepared by dissolving 1 mg of the sample in 50:50 methanol: water solution (1 mg/mL, ϳ0.5% acetic acid). Prior to electrospray, the stock solution of the WHWLQL was diluted to micromolar concentration.
We chose WHWLQL because (1) in our previous studies, it has shown significant metal-dependent conformational changes [37] , and the presence of two tryptophans in its structure makes it suitable for gasand solution-phase spectroscopic studies [38] , and (2) it is a relatively small peptide (with six amino acids) and appropriate for characterization of fragmentation mechanisms and future molecular modeling studies [39] . We have studied the gas-phase H/D exchange trends and kinetics as well as solution-phase fluorescence characteristics of WHWLQL and its metal complexed species extensively, and these results will be published in a separate article.
Instrumentation
The ESI FT-ICR mass spectra were acquired with an IonSpec FT-ICR mass spectrometer equipped with a 7 T superconducting magnet (former IonSpec Corp., now a division of Varian, Inc., Lake Forest, CA, USA). The instrumental details have been published elsewhere [12, 40] . The UHV pressure was measured from the direct readouts using Granville-Philips dual ion gauge controller and series 274 Bayard-Alpert type ionization gauge tubes (Boulder, CO, USA); the normal background pressure inside the ICR cell was ϳ5 ϫ 10 Ϫ10 torr. Ions were formed in an external ionization electrospray source (Analytica of Branford, Inc., Branford, CT, USA).
Typically, 2.0 kV was applied to the ESI needle, (with respect to the counter electrode capillary), and the metal capillary temperature was set at ϳ160 Ϯ 2°C. The electrosprayed ions pass through a 1 mm-diameter skimmer before their entrance into a 7.5-cm long, rfonly hexapole ion guide/storage device. A quadrupole ion guide assembly guides the ions into an open-ended cylindrical Penning trap (former IonSpec Corp., now a division of Varian, Inc., Lake Forest, CA, USA). Appropriate timing and gated trapping techniques were used to trap the ions inside the ICR cell. After the ions were trapped inside the ICR cell a variable delay period (Ͻ50 s) was allowed for restoration of base pressure. Once the ions were trapped inside the ICR cell, a combination of "CHIRP" frequency sweep [41] and SWIFT dipolar excitation [42] was used to isolate a specific ion or a set of ions. Before H/D exchange reactions, trapped ions were thermalized by nitrogen collisions. Multiple pulses of nitrogen gas, through a designated vacuum port, were used to maintain P N2 Х 1 ϫ 10 Ϫ6 torr for ϳ50 to 2000 ms during the ion cooling event. The residual nitrogen gas was pumped away before all SWIFT isolations and H/D exchange reactions. The H/D exchange reaction time was varied to follow the kinetics of isotope exchange. To ensure prolonged pressure reproducibility inside the ICR cell during the reaction of precursor ions with ND 3 , the neutral H/D exchange ND 3 reagent gas was introduced into the vacuum system through a separate port via a pulsed-leak valve [43] . The pressure of ND 3 was measured by direct reading of Granville-Philips dual ion gauge controller and series 274 Bayard-Alpert type ionization gauge tubes and corrected for ionization sensitivity [44] . Under our experimental reaction times and pressures, no ND 3 clusters [45] were observed with protonated hexapeptide and its fragment ions. Since our goal was to compare the rate constants for parent ions and b-type fragments under identical conditions, the pressure of ND 3 was not corrected for the geometry factor of 0.55 [44] . The trapped product ions were excited by dipolar frequency sweep excitation [41] and detected in the direct broadband mode. At the end of each experiment, all trapped ions were ejected from the ICR cell. Fourier transformation of the resulting time-domain signals (256 k data points) with one zero-fill, baseline correction and Hamming apodization followed by magnitude calculation, and frequency-to-mass conversion yielded the ESI FT-ICR mass spectra (Figures 1, 2 , and Figures 4 -6). All mass spectra were constructed from a single time-domain dataset. To perform reproducible gas-phase H/D exchange experiments, the ESI conditions (e.g., source temperature, ion current, acceleration voltages, etc.) were carefully monitored and kept constants for all experiments.
Mass Spectral Data Analysis
The plots of ln (Im i /⌺Im i ) as a function of reaction time were constructed. The equation describing these plots can be written as:
where (Im i /⌺Im i ) is the normalized intensity of the precursor ion, k is the reaction rate constant, [M] is the concentration of neutral species (ND 3 ), t is the reaction time, and C is a constant [46] . The normalized ion intensity value for each species (e.g., 
Results and Discussion
To explore the existence of structurally different isobaric fragment ions, we followed the gas-phase H/D exchange reactions of the WHWLQL hexapeptide and its b 5 ϩ and b 4 ϩ fragment ions. This peptide dissociates to yield high abundance of b series fragment ions. ND 3 was used for all H/D exchange reactions; this reagent gas is less selective than other H/D exchange reagents such as D 2 O and CH 3 OD and allows isotope exchange of all active hydrogens (e.g., proton in -OH, SH, and NH functional groups) [12, [47] [48] [49] . Table 1 contains the exact molecular weights (to five significant figures) and calculated rate constants for selected parent and fragment ions (experimental details will be discussed in the next section). 12 C all ) of the precursor ions were SWIFT isolated [42] . The SWIFT isolation of a single isotope eliminates peak overlap between the 13 C isotopes of the reactant analyte ion and deuterated product species. The fragment ions of the WHWLQL hexapeptide can be formed in the ICR cell and/or in the electrospray ionization (ESI) source by the capillary-skimmer fragmentation process. To perform the necessary double SWIFT ion-isolation and double H/D exchange reaction experiments (details will follow), all ICR and ESI source experimental parameters were optimized to maximize the b fragment ion yield and enhance signal-to-noise ratio for single scan experiments (data shown in Figures  1, 2, 4 , and 5). To confirm the formation of structurally different fragment ions under the low-energy CID conditions of ICR, supplementary experiments were performed. Using SORI-CAD technique [13] , we verified that the "f" and "s" fragment ions were generated inside the ICR cell as well as in the ESI region (data for Figure 6 will be discussed in detail).
Hydrogen/Deuterium Exchange Patterns
Hydrogen/Deuterium Exchange Reaction Kinetics
The Table 1 ). The calculated rate constants for "f" species have contributions from "s" species. Therefore, one can calculate the rate constants for "f" species more accurately by subtracting the contributions of "s" species from "f" species at shorter H/D exchange reaction times (i.e., Ͻ130 s) or use bi-exponential decay equations obtained by fittings (Figure 3) . The best experimental approach to calculate population fractions of "s" and "f" is to allow for complete separation of the two populations based on reaction times (see Table 1 and discussions below).
Although ] ϩ conformers that can not be distinguished/resolved using the currently available FT-ICR methodologies. Conversely, the plots of ln (normalized abundance) versus the reaction time for b-series fragment ions (Figure 3b and c) exhibit two distinct slopes; hence, the first H/D exchange of these species occur at two different reaction rates. Using the Microsoft Excel program (Microsoft Office Excel 2000) linear regression analyses were performed to determine the best linear fits to the experimental data. For the presented data here, we assumed two ion populations (i.e., two lines) and excluded the data points on the curved segment of the semilog plots (data points in insets of Figure 3b and c denoted with [ y ] symbol). Experimental data from other fragment ions (not shown here) indicate that when more than two ion populations are present, more rigorous curve-fitting routines (e.g., multiple exponential function fittings of the temporal plots) are necessary to extract accurate rate constant values. For the reported data in Figures 3 b and c , linear fit of the semilog plots provided satisfactory results (R 2 Ͼ 0.99 for all four fits) and a more rigorous double-exponential curve fitting by including all data points, yielded similar results. The normalized mass spectral data on separated "f" and "s" species at long H/D exchange reaction times (i.e., Ͼ130 s) were used to calculate the average fractions of each species (Table 1) ϩ species were switched (see Table 1 ). Our preliminary results indicate that ionization/fragmentation conditions influence the formation of slow and fast exchanging populations [50] .
The H/D exchange patterns, as shown in Figure 2 , portray comprehensive pictures about all of the available exchangeable sites on the molecule. However, the kinetic plots in Figure 3 Calculated rate constants (for the disappearance of
, the slow (k s ) and fast (k f ) reacting conformers/isomers of b fragments, the rate constant ratios, and the fraction of each species are listed in Table 1 . Rate constant for the first H/D exchange of b 5f ϩ fragment ion (fast exchanging species) is ϳsix times larger than the rate constant for the b 5s ϩ ; the rate constant for the first H/D exchange for b 4f ϩ is larly, calculated rate constant of the parent molecular ion is ϳfour and ϳ32 times larger than those for the b 4f ϩ and b 4s ϩ , respectively (see Table 1 ). Presence of different b fragment ion conformers/isomers [37] has been confirmed using other analytical techniques, such as IR-MPD [36] , ion mobility/mass spectrometry [32, 35] , and H/D exchange [31] . Using IR depletion spectrum of b 4 ϩ fragment (generated by SORI-CAD) of Leu-enkephalin, Polfer et al. detected a mixture of two structurally different b 4 ϩ ion fragments (i.e., oxazolone and cyclic structures) [36] . Ion mobility/mass spectrometry of Leu-enkephalin b 4 ϩ fragment showed a broader drift time distribution for Leu-enkephalin b 4 ϩ fragment than N-acetylated Leu-enkephalin b 4 ϩ fragment [32] . It was suggested that the narrow drift time distribution of N-acetylated Leu-enkephalin b 4 ϩ fragment is related to the presence of bulky N-acetyl group at the N-terminus which prevents the formation of cyclic structure in comparison with Leu-enkephalin [32] . Additional studies are required before reliable comparisons can be made between the observed H/D exchange patterns for different peptide and protein fragments.
In addition to the kinetic studies, we performed double H/D exchange experiments on SWIFT isolated b 5 ϩ fragment ion to confirm the existence of the two sets of gas-phase fragment ion species. Details of the double H/D exchange reactions are discussed in the following sections.
Hydrogen/Deuterium Exchange Reaction Trends
In a series of experiments, we increased the H/D reaction time from 40 s up to 300 s at ϳ7.5 ϫ 10 Ϫ8 torr ND 3 pressure. The b 5 ϩ fragment ion was first SWIFT isolated ( Figure 4a ) and then reacted with ND 3 in two separate experiments. Figure 4b Figure 4 , confirm the existence of two sets of different structures with distinct H/D exchange characteristics. After 300 s reaction with ND 3 (ϳ7.5 ϫ 10 Ϫ8 torr), the slow ("s") and fast ("f") exchanging b 5 ϩ species exchange up to two and eight hydrogens (from the total of 11 available labile hydrogens in b 5 ϩ ), respectively (Figure 4b and c) . The "s" type species may have more compact/folded structures (probably cyclic structure) and tighter in- ϩ and b 4 ϩ {fast ("f"), and slow ("s") exchanging species}. The exact masses, ion population fractions, rate constants (95% CL), and rate constant ratios are listed in columns 2-5, respectively tramolecular hydrogen bondings than unfolded/floppy (probably oxazolone or aziridinone structure) "f" type fragment ions. It should be noted that differences in the gas-phase basicities [44] of the "s" and "f" fragments (e.g., proton affinity (PA) variations as a function of structure) may also explain the observed disparate H/D exchange reaction rates [52] . For example, recent theoretical calculations by Bythell et al. at the B3LYP/6-31G(d) level suggest that oxazolone structures may have higher PA values than cyclic forms [39] . Our preliminary PA measurements and H/D exchange results suggest that different populations of singly charged b 5 fragment ions (of WHWLQL) may have different PA values [50] .
Double H/D Exchange Reactions of Doubly SWIFT Isolated Ions
We performed three complementary double SWIFT isolation and double H/D exchange experiments to confirm the presence of unique "s" and "f" b fragment ions. For all SWIFT isolation events sufficient time delay was allowed to remove nitrogen and ND 3 reagent gases that were used for ion thermalization and H/D exchange reactions. In the first experiment, we SWIFT isolated the 12 C all isotopomers of b 5 ϩ and then introduced the ND 3 reagent gas (ϳ7.4 ϫ 10 Ϫ8 torr) for 40 s to produce the bimodal ion product distribution. Once the bimodal distribution was formed, we SWIFT isolated the first "s" (D 0 -D 2 ) series (i.e., ejected the second "f" {D 3 -D 7 } distribution) and acquired a mass spectrum (Figure 5a ).
For the double H/D exchange experiments, first we employed a double SWIFT isolation to isolate the "s" series as described in Figure 5a (i.e., isolate 12 C all of b 5 ϩ ¡ introduce ND 3 at the specified pressure and reaction time to produce "f" and "s" fragment ions ¡ eject the "f" fragment ions). Once the "s" (D 0 -D 2 ) series were isolated, the ND 3 reagent gas was reintroduced for an additional period of 90 s (ϳ7.2 ϫ 10 Ϫ8 torr ND 3 pressure) to perform a second H/D exchange reaction ( Figure 5b ). As shown in Figure 5b , even after reaction of b 5s ϩ with ND 3 (at ϳ7.2 ϫ 10 Ϫ8 torr) for an additional 90 s, the second H/D exchange distribution (b 5f ϩ or "f" series that had initially appeared after the first 40 s reaction delay) is not observed. This result also confirms that b 5 ϩ ions exist as two b 5s ϩ and b 5f ϩ structures. After the re-introduction of ND 3 for an additional 90 s H/D exchange reaction, the relative ion abundance of D 0 and D 1 are reduced, whereas that of D 2 is increased. These data suggest the presence of strong intramolecular hydrogen bondings within b 5s ϩ structure since only two of the 11 labile hydrogens in b 5s ϩ are easily available/accessible for the H/D exchange reactions.
In the third double SWIFT isolation, we applied the conditions of the Figure 5a (i.e., isolate 12 C all of b 5 ϩ ¡ introduce ND 3 at the specified pressure and reaction time to produce "f" and "s" fragment ions ¡ eject the "f" fragment ions) followed by a second ND 3 ϩ and b 5f ϩ structures. To the best of our knowledge, this is the first reported attempt to isolate the slow exchanging b fragment ions using H/D exchange time as a filter.
Low-Energy Collision Induced Dissociation of Isolated Parent Ions
The successful implementation of the complex FT-ICR MS event sequences in previously described double SWIFT isolation and double H/D exchange reactions required a large/sufficient number of initial ion population. Ergo, to perform these multi-ejection experiments, it was necessary to optimize the ESI and ICR conditions for the maximal b fragment ion yield; additional experiments confirmed that majority of the fragment ions were formed in the ESI source. We wanted to determine whether or not significant amounts of the "s" and "f" conformers/isomers of b 5 ϩ and b 4 ϩ were also produced under the low-energy SORI-CAD condition in the ICR cell. In other words, if we exclude the fragment ions generated in the ESI source, will we still observe the two b 5f ϩ and b 5s ϩ gas-phase fragment ions? To address this question, we performed SORI-CAD of the isolated parent molecular ions [M ϩ H] ϩ (m/z 882) followed by the H/D exchange reactions.
The all carbon 12 isotopes ( 12 C all ) of [M ϩ H] ϩ were SWIFT isolated and then fragmented under optimized SORI-CAD experimental conditions (e.g., off resonance at ϳ1 kHz Ͻ [M ϩ H] ϩ ICR frequency or ⌬ c Х 1 kHz with rf excitation {20 V p-p } applied for ϳ50 ms at N 2 pressure of ϳ1 ϫ 10 Ϫ6 torr). The mass spectrum obtained from SORI-CAD experiment for the SWIFT isolated [M ϩ H] ϩ is shown in Figure 6 . Although the signal-to-noise (S/N) ratio is low (for example, compared with the results in Figure 4 ), after 40 s of H/D exchange reaction with ND 3 (P ϳ 7.4 ϫ 10 Ϫ8 torr), the two b 5f ϩ and b 5s ϩ type fragment ions can be observed (see inset mass spectrum in Figure 6 ).
The inset in Figure 6 shows the m/z region A significant amount of literature has focused on various aspects of b fragment ion structures [19 -21, 23-28] . The present results suggest that there could be more than one reaction pathways leading to b fragment ion formation. Such multiple reaction pathways may be involved in other types of ion fragmentations, and future research will address these questions. Preliminary H/D exchange results from our laboratory suggest that other b fragment ions (e.g., doubly charged b 10 fragment ions of substance P and singly charged b 5 fragment ions of ␣-melanocyte) show similar bimodal H/D exchange distributions. Polfer's group also reported a bimodal H/D exchange distribution for b fragment ions of (Gly) n [31] . These results confirm our original observation on b fragment ion H/D exchange bimodal distributions for delta sleep inducing hormone DSIP and WHWLQL hexapeptide [37] . Moreover, we have been able to observe these bimodal H/D exchange distribution on larger fragment ions (e.g., doubly charged fragment ions of substance P) [50] . Hence, fundamental understanding of b fragment ion formations is important and might have a global impact on the peptide and protein sequencing. In the following section, we discuss various possible mechanisms for b fragment ion formation.
Possible Mechanisms for Formation of Different b Fragment Ions
Some of the plausible mechanisms for formation of b 5
ϩ (the protonated form of the WHWLQL hexapeptide) are shown in Scheme 1. Scheme 1a shows the formation of a five-membered cyclic intermediate that can lead to b fragment ion formation having oxazolone type structure [19 -21, 53] . Scheme 1b shows the production of b-series fragment ions via a stable aziridinone (three-membered cyclic amide) structure. Involvement of stable aziridinonecontaining structures in the gas-phase fragmentation of peptides has been demonstrated experimentally [25] and theoretically [26] . Additional theoretical calculations and experimental evidence are needed to address the plausibility of various pathways. For example, theoretical calculations suggest that dissociation of protonated dipeptides go thorough the 'a 1 -y 1 ' pathway, which is much faster and energetically more favored than the 'aziridinone' pathway [30] . A majority of the previous theoretical work suggests that it is unlikely for the b ions to have the aziridinone structure, although the WHWLQL hexapeptide contains both histidine and glutamine and the nucleophile side chains of these residues may be responsible for the b x isomers. Another possible structure for b 5 ϩ is a cyclic structure that can be formed through the mechanism shown in Scheme 1c. The cyclic structure for b-type fragments has been proposed recently by different research groups [18, 31, 32] . It has been suggested that subsequent fragmentation of cyclic b-type fragments can result in the sequence scrambling of protein/peptide and, therefore, loss of original protein/peptide sequence information [17] . Therefore, the understanding of different ion fragmentation pathways can improve/accelerate the protein/peptide sequencing in proteomics.
Although in Scheme 1 we only include three pathways for formation of isobaric b fragment ions, other options are also possible [24, 29] . Recent theoretical studies suggest that a majority of the sequence-informative fragment ions of protonated tripeptides may be formed on the 'b x -y z ' pathway [24] . Additional experimental and theoretical studies are required to assign the structures of the observed isobaric fragment ions and determine accurate fragmentation pathways. The H/D exchange results clearly demonstrate that isobaric fragment ions of peptides may exist as different conformer/isomers; these findings are crucial for understanding the molecular details of peptide and protein sequencing. The results from this study illustrate that parent molecular ions of biomolecules can dissociate to produce isobaric fragment ions as different conformers and/or isomers. Other experimental approaches, such as ion mobility and cross section measurements [7, 54 -57] , should provide complementary structural details and additional information on relative differences between the different "f" and "s" isomers/conformers.
Conclusion
Successful biomolecular sequencing requires detailed understanding of ion fragmentation mechanisms, and H/D exchange reactions offer a practical approach to study ion fragmentation processes. Future experimental and theoretical studies of carefully designed model compounds should provide the necessary data for deciphering the details of various ion fragmentation mechanisms.
